Objectives: Only a handful of studies have investigated the nature, functional significance, and course of white matter abnormalities associated with mild traumatic brain injury (mTBI) during the semi-acute stage of injury. The present study used diffusion tensor imaging (DTI) to investigate white matter integrity and compared the accuracy of traditional anatomic scans, neuropsychological testing, and DTI for objectively classifying mTBI patients from controls.
months or years) injury phase. [6] [7] [8] [9] This can be problematic as the majority (80%-95%) of mTBI patients fully recover from their injuries within 6 months. 10, 11 An initial DTI study on 5 unselected patients (i.e., all eligible patients) reported reduced fractional anisotropy (FA) in the corpus callosum (CC), internal capsule (IC), and external capsule (EC) within 24 hours of injury. 12 More recent studies focusing on unselected patients in semiacute phase of injury have reported mixed findings, with 2 adult studies reporting reduced FA 13, 14 whereas other adolescent 15 and adult 16 studies have reported increased FA. Inglese et al. 13 reported reduced FA in the CC and IC at approximately 5 years postinjury in an adult sample, with no significant FA differences between chronic and semi-acutely injured patients, suggesting limited recovery. Another study examining mTBI patients longitudinally (2 out of 5 patients studied) reported evidence of partial FA normalization at 1 month. 12 Additionally, few studies have examined potential differences in axial diffusivity or radial diffusivity (RD) following mTBI in either selected or unselected populations. 12, 15, 17 The distinction between axial diffusivity and RD is critical given that FA is determined from these measurements, and each is putatively associated with different pathologies. Specifically, animal models of retinal ischemia suggest that axial diffusivity corresponds to axonal pathology whereas RD measures myelin pathology. 18 Mouse models of TBI indicate that axonal pathology (reduced axial diffusivity) is more pronounced in the acute phase of injury, followed by both pseudonormalization of axial diffusivity values and increased involvement of demyelinating processes (RD) and edema. 19 The present study examined FA, axial diffusivity, and RD prospectively in an unselected sample of mTBI patients. Based on previous clinical studies, we predicted that FA and axial diffusivity would be reduced in the CC, IC, superior longitudinal fasciculus (SLF), uncinate fasciculus (UF), and corona radiata (CR) in mTBI patients compared to controls in the semi-acute phase of injury (21 days postinjury) with increased findings in terms of myelin integrity (RD) during the more chronic injury stages.
METHODS Participants. Twenty-two patients (recruited from the University Emergency Department) with mTBI and 21 sex-, age-, and education-matched controls participated in an ongoing study. DTI data from an independent sample of healthy controls (HC) were also collected.
All patients experienced a closed head injury resulting in an alteration in mental status (see table 1 ) and were evaluated within 21 days of injury (clinical examination ϭ 11.75 Ϯ 4.97 days postinjury; imaging examination ϭ 12.50 Ϯ 5.40 days postinjury). The majority (85%) of patients completed the imaging and clinical protocols within 3 days of each other. Inclusion criteria for the mTBI group were based on the American Congress of Rehabilitation Medicine (Glasgow Coma Score of 13-15, loss of consciousness Ͻ30 minutes, posttraumatic amnesia Ͻ24 hours). mTBI participants and controls were excluded if there was a positive history of neurologic disease, psychiatric disturbance, additional closed head injuries with more than 5 minutes loss of consciousness or any head injury within the last year, learning disorder, attention deficit hyperactivity disorder, or a history of substance or alcohol abuse.
Standard protocol approvals, registrations, and patient consents. Informed consent was obtained from all participants according to institutional guidelines at the University of New Mexico.
Clinical assessment. Similar to previous studies, 20 composite indices were calculated for attention, working memory, process- ing speed, executive function, memory, and emotional status based on participants' mean t score in each of the domains (appendix e-1 on the Neurology ® Web site at www.neurology.org).
Somatic and cognitive complaints were also assessed along with estimates of overall premorbid cognitive functioning and effort (appendix e-1).
MRI and analyses. T1, T2, and DTI images were collected on a 3-Tesla Siemens Trio scanner (appendix e-1). The AFNI software package 21 was used to process and analyze DTI data (appendix e-1). Region of interest (ROI) analyses were conducted on the genu, splenium, and body of the CC, as well as the SLF, the CR, the superior corona radiata (SCR), the UF, and the IC for both hemispheres based on the Johns Hopkins University (JHU) white matter atlas. 22 Scalar means (axial diffusivity, RD, and FA) were calculated for each ROI, as were measures of interhemispheric variability between homologous left and right ROI ( right ROI Ϫ left ROI )/([right ROI ϩ left ROI]/2) to investigate increased asymmetry as a marker of injury. Multivariate analyses were used whenever possible to reduce the number of multiple comparisons. Effect sizes (Cohen's d) are also reported as a measure of clinical significance.
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RESULTS
Neuropsychological and clinical measures.
A compilation of all major neuropsychological and clinical indices is presented in table 2. Results indicated an increase in emotional (t 1,38 ϭ Ϫ3.11; p Ͻ 0.05; mTBI Ͼ HC), cognitive (t 1,38 ϭ Ϫ4.20; p Ͻ 0.001), and somatic (t 1,38 ϭ Ϫ3.62; p Ͻ 0.005) complaints for mTBI patients compared to controls. Estimates of premorbid intellectual functioning were lower in mTBI patients (t 1,37 ϭ 2.09; p Ͻ 0.05) despite educational matching.
A multivariate analysis of covariance (MANCOVA) examining differences in neuropsychological testing using premorbid intelligence as a covariate was not significant for group differences. However, effect sizes (table 2) in the domains of attention, executive functioning, and memory were of similar magnitude to those reported in recent meta-analyses on cognitive deficits in mTBI.
Structural imaging data. Anatomic images were limited to T1-and T2-weighted images. These were found to be free of pathology for both groups of subjects by a board-certified neuroradiologist (i.e., all mTBI patients were classified as being noncomplicated). HC were then compared with a larger normative sample. However, there were no multivariate effects of group for all multivariate analyses of variance ( p Ͼ 0.10), suggesting that our control group was statistically similar to the larger normative sample in terms of FA.
Next, we compared axial diffusivity and RD values for the 6 ROI that exhibited significant or trend differences in FA using one-way analyses of covariance (figure 1B). There were no significant differences between patients and controls in terms of axial diffusivity. In contrast, RD was lower in mTBI patients within the genu ( DTI and clinical measures. Hierarchical multiple regressions were performed on the 6 clinical measures with the largest effect sizes (attention, memory, executive functions, cognitive complaints, somatic complaints, and emotional complaints) using FA from the CC and right and left hemisphere ROI as the independent variables and premorbid intelligence as a covariate. Although premorbid intelligence accounted for significant variance in terms of both attentional and executive functioning, only FA levels in the right hemisphere (F 2,18 ϭ 6.84; p Ͻ 0.01) predicted variance in attentional deficits (positive relationship) for the mTBI group.
Next we determined which of our objective measures of deficits (FA or neuropsychological testing) would more accurately classify mTBI patients and HC using binary logistical regression. Estimates of premorbid intelligence were entered into both models as it discriminated (Wald ϭ 4.16; p Ͻ 0.05) be-
Figure 1 Fractional anisotropy (FA) values from all regions of interest (ROI)
This figure presents the mean FA values from all ROI for the mild traumatic brain injury patients (mTBI; green bars) and healthy controls (HC; gray bars) for visit 1 (A) corrected for differences in premorbid intelligence estimates. ROI included the genu (GNU), body (BDY), and splenium (SPL) of the corpus callosum (CC), the superior corona radiata (SCR), the superior longitudinal fasciculus (SLF), the uncinate fasciculus (UF), the corona radiata (CR), and the internal capsule (IC). Significant effects are denoted with double asterisks, statistical trends with a single asterisk. (B) Axial diffusivity (AD) and radial diffusivity (RD) measurements for mTBI patients and HC for regions exhibiting statistical differences in FA. For the y-axis, the units of FA are dimensionless, whereas axial diffusivity and RD are equivalent to mm 2 /s.
Figure 2 Variability in mean fractional anisotropy (FA) between right and left hemisphere regions of interest (ROI)
A measurement of variability in mean FA values between right and left hemisphere homologue ROI for the mild traumatic brain injury patients (mTBI; green bars) and healthy controls (HC; gray bars) corrected for differences in premorbid intelligence estimates. ROI included the superior longitudinal fasciculus (SLF), the uncinate fasciculus (UF), the corona radiata (CR), and the internal capsule (IC There were no significant differences for all clinical measures for mTBI patients who returned and those who did not. Additionally, there were no significant differences in FA values between the 2 groups across the 3 sets of ROI (CC, right and left hemisphere).
Change scores in clinical measures were calculated (visit 2 Ϫ visit 1 data) for those measurements that were most suggestive (i.e., based on significance or effect sizes) of group differences at visit 1 (attention, memory, executive functions, emotional distress, somatic and cognitive complaints) using premorbid intelligence as a covariate. Although there were no significant group effects, effect sizes suggested that memory scores improved (d ϭ Ϫ0.52) and cognitive complaints decreased (d ϭ 0.79) for the returning mTBI group compared to their matched controls at visit 2.
Differences in visit 1 and 2 FA and RD measurements were compared separately across the 2 groups with paired samples t tests to maximize power (see figure 3 ). Tests were again limited to those ROI that exhibited significant or trend differences in mean FA and RD (genu, splenium, left SCR, left IC, left UF, Figure 3 Fractional anisotropy (FA) and radial diffusivity (RD) values at both visits Mean FA and RD for the mild traumatic brain injury patients (mTBI; green bars ϭ visit 1, black bars ϭ visit 2) and healthy controls (HC; gray bars ϭ visit 1, brown bars ϭ visit 2). Analyses were limited to ROI that displayed significant effects at visit 1, and included the left superior corona radiata (SCR), the left uncinate fasciculus (UF), the left internal capsule (IC), the left corona radiata (CR), the genu (GNU), and the splenium (SPL). For the y-axis, the units of FA are dimensionless, whereas RD is equivalent to mm 2 /s.
and left CR) at visit 1. In HC, there were no significant differences for either FA or RD across the 2 visits. In contrast, partial normalization (i.e., decrease) in FA values was evident in the splenium (t 8 ϭ 4.17, p Ͻ 0.005) and CR (t 8 ϭ 1.89, p ϭ 0.09) at visit 2 for mTBI patients. Although none of the RD effects reached statistical levels of significance, visual examination of the data suggests that RD differences may have partially normalized at visit 2 as well.
DISCUSSION
The types of abnormalities seen in human neuropathology studies of mTBI 2, 3 are poorly revealed by neuroimaging techniques, limiting detection of potential white matter pathologies, and prediction of cognitive impairment and functional outcome. 24 Hence, conventional imaging modalities cannot provide an objective measure of injury for the difficult differential diagnoses that most clinicians face when confronted with mTBI patients. 10 Contrary to our initial hypothesis, mTBI patients demonstrated increased FA and reduced RD within the genu and several left hemisphere white matter tracts compared to age-and education-matched controls during the semi-acute phase of injury.
Animal research indicates that there are several morphologic changes, metabolic processes, and inflammatory responses that follow mTBI. 25, 26 Therefore, a definitive mechanistic explanation for current results is challenging at best given the many constraints of an in vivo human clinical imaging study. With this caveat in mind, perhaps the 2 most plausible explanations for the current and previous 15, 16 observations of increased diffusion anisotropy following mTBI are cytotoxic edema or changes in water content within the myelin sheath. The mechanical forces of mTBI typically result in the stretching of axons and related supporting structures such as oligodendrocytes, 27 altering the function of gated ion channels and resulting in an increase in intracellular water and a decrease in extracellular water. 28 The decrease in extracellular water leads to a decrease in diffusivity perpendicular to the axon (second and third eigenvalues; RD), secondary to more tightly compacted axons and potential differences in the tortuosity of intracellular and extracellular water. 28, 29 Modeling studies suggest that even small departures from the normal distribution of intracellular and extracellular water can lead to dramatic changes in perpendicular diffusion coefficients. 30 A central role for cytotoxic edema is also partially supported by animal models of both ischemic stroke and TBI, in which perilesional white matter shows increased FA in the first 3 hours of stroke followed by a reduction in FA and RD from 4 to 120 hours postinjury. 25, 26, 31 Of note, the timeline from these animal models suggests that reduced rather than increased FA should be observed at days to weeks postinjury. However, cytotoxic edema may follow a somewhat more prolonged course in human TBI than in the animal models of TBI, peaking between 24 and 48 hours postinjury and persisting for days postinjury. 32, 33 An alternative explanation for our findings is that mTBI decreases water content in the myelin sheaths rather than in extracellular space. Although myelin only accounts for approximately 13% of total water in white matter compartments, a reduction in this percentage would theoretically also decrease diffusivity perpendicular to the axon. 30 At a more basic level, there may be qualitative differences in neuropathologic processes among appropriately diagnosed mTBI patients as illustrated by a recent study 34 comparing the fluid percussion (FPI) and cortical impact (CCI) injury models. Injured animals from both groups differed from shams in terms of T2 values and apparent diffusion coefficients (ADC), but in opposite directions. The FPI injury, which might be a better model for mTBI injuries caused by motor vehicle accidents, showed decreased T2 and ADC, while the CCI injury, perhaps a better model for falls or assaults, showed increased ADC and elevated T2. Both groups showed evidence of increased immunoreactivity.
Magnetic resonance spectroscopy also captures unique information about white matter pathology that may elucidate potential mechanisms of pathology. Increased creatine-phosphocreatine concentrations in supraventricular white matter and in the splenium have been observed in mTBI, perhaps related to an increased need for energy resources (ATP) for repair. 35 Though such metabolic derangements may follow a different recovery course than DTI abnormalities, 36 they likely represent an important component of the suite of pathologic processes. A tentative hypothesis linking the 2 imaging modalities suggests that disruption of ionic homeostasis causes increased intracellular water, simultaneously reducing RD and increasing ATP demand so as to upregulate membrane pumps and restore ionic homeostasis.
Current results also suggest that DTI results are more accurate in objectively classifying mTBI patients from carefully matched HC. Although limited in nature, our anatomic protocol was completely insensitive (e.g., all mTBI and HC scans were interpreted as trauma-free) to the putative underlying pathology following trauma. Second, although our mTBI patients exhibited cognitive deficits on several neuropsychological domains (attention, memory, and executive functioning) that were consistent in magnitude with previous meta-analyses, 37 these deficits did not substantially improve classification accu-racy even though neuropsychological testing has traditionally served as the gold standard for differential diagnosis. 10, 11 In contrast, classification accuracy improved to 75% with data derived from DTI images. Future studies should examine the classification accuracy of DTI and neuropsychological measures in orthopedically injured patients or similar populations 38 to better control for nonspecific effects of trauma.
Similarly, longitudinal studies with larger samples spanning the acute to chronic time frame are also needed to chart the evolving nature of mTBI, which has been documented in studies employing animal models. 19, 39 FA measurements appear to be relatively stable over month-long intervals in HC, rendering it an ideal mechanism for monitoring potential changes associated with recovery of function. Our preliminary longitudinal data suggest a partial normalization of FA (i.e., a decrease toward levels observed in HC) within several ROI in our mTBI group. Although others have examined more severely injured populations, 40 we examined longitudinal DTI changes in mTBI. Consistent with patients' self-report of continued cognitive and somatic symptoms at visit 2, not all of our ROI demonstrated significant changes as a function of time, suggesting that a more extensive postimaging interval may be necessary to track recovery.
